Ecto-5 -nucleotidase (ecto-5 -NT) is a glycosylphosphatidylinositol-anchored membrane-bound protein that is ubiquitous in mammalian tissues. It is a target for a number of therapeutic drugs since increased levels of the enzyme correlate with various disease states. In this investigation, we describe the properties of a soluble ecto-5 -NT derived from bull seminal plasma. The protein was highly heterogeneous as demonstrated by chromatofocusing and two-dimensional PAGE. Sequencing analyses revealed a truncated polypeptide lacking the glycosylphospatidylinositol attachment site, suggesting that it is produced post-translationally by cleavage at Gln 547 and/or Phe 548 . Heterogeneity was largely due to differential glycosylation, especially in the oligosaccharides linked to Asn 403 . Significant differences in substrate specificity were observed between isoforms and, on the basis of molecularmodelling studies, were interpreted in terms of variable glycosylation causing steric hindrance of the substrate-binding site. Thus the soluble forms of ecto-5 -NT found in bull seminal plasma are unique both biochemically and structurally, and have a putative role in signalling interactions with spermatozoa following ejaculation and capacitation in the female reproductive tract.
INTRODUCTION
Ecto-5 -nucleotidase (ecto-5 -NT; EC 3.1.3.5) catalyses the hydrolysis of nucleoside 5 -monophosphates to the corresponding nucleosides and inorganic phosphate. It is ubiquitous in tissues and is involved intimately over a range of physiological processes ensuring the extracellular hydrolysis of 5 -AMP to adenosine [1] . The action of a number of therapeutic drugs can be explained by direct stimulation/inhibition of 5 -NT activity. Thus, in the rat heart, increased levels of adenosine following histamine treatment have been causally related to activation of ecto-5 -NT [2] . Similarly, in comparing the effects of nicorandil and glibenclamide, two KATP channel openers, it was observed in rat heart that only nicorandil increased the interstitial level of adenosine via activation of ecto-5 -NT and cGMP pathways [3] . Increased adenosine levels, however, are not always associated with ecto-5 -NT stimulation as shown following chronic salt loading in renal cortex and medulla cells [4] . Differential effects of clozapine and haloperidol on the purinergic system have also been explained in terms of their effects on ecto-5 -NT [5] .
The above-mentioned activities have always been ascribed to the action of an ecto-5 -NT linked to the plasma membrane through a glycosylphospatidylinositol (GPI) anchor. However, a 'soluble' form of ecto-5 -NT has also been described in synovial fluid [6] and human placenta [7] . This species seemed to be generated from the hydrolysis of the GPI anchor, catalysed by phosphatidylinositol-specific phospholipase C (PI-PLC), as shown by similarities in the N-terminal sequence, apparent molecular mass, low K m values towards AMP and enzymespecific inhibition by nucleoside di-and triphosphates [7] . From a comparative study of the catalytic properties of three forms of the enzyme, namely, native ecto-5 -NT linked to the plasma membrane of pig lymphocytes, the solubilized form obtained Abbreviations used: GPI, glycosylphospatidylinositol; IEF, isoelectric focusing; MALDI, matrix-assisted laser-desorption ionization; ecto-5 -NT, ecto-5 -nucleotidase; 5 -NT, 5 -nucleotidase; PI-PLC, phosphatidylinositol-specific phospholipase C; RP, reverse phase. 1 These authors have contributed equally to this work. 2 To whom correspondence should be addressed (e-mail cfini@unipg.it).
after treatment with PI-PLC and the purified GPI-ecto-5 -NT reconstituted in liposomes with different lipid composition, it was found that anchoring of the protein to the lipid bilayer by the GPI moiety influenced strongly the catalytic efficiency of the enzyme [8] . However, an extensive study on the naturally occurring form of soluble ecto-5 -NT has not been performed so far.
In the present study, we report the purification of the soluble form of ecto-5 -NT from bull seminal plasma and its structural characterization by MS procedures. The purified enzyme was resolved into several isoforms differing in their glycosidic moiety as well as substrate specificity. In all species, the GPI anchor was absent and the nature of the C-terminal peptide suggested processing by a C-terminal peptidase.
EXPERIMENTAL Materials
Trypsin, CNBr and α-cyano-4-hydroxy-cinnamic acid were purchased from Sigma. Polybuffer exchanger PBE 94 and PBE 74 amphoteric buffer were purchased from Amersham Pharmacia Biotech (Piscataway, NJ, U.S.A.). All other reagents and solvents were of HPLC grade from Fluka (Buchs, Switzerland).
Purification of soluble ecto-5 -NT
Bull semen samples, usually 200 ml after liquefaction, were centrifuged at 800 g for 10 min at 4
• C to separate the spermatozoa. The supernatant (seminal plasma) was recentrifuged at 105 000 g for 2 h at 4
• C. The pellet was discarded and the supernatant was dialysed overnight against 50 mM Tris/HCl buffer (pH 8.0), containing 1 mM NaCl, 0.1 mM protease inhibitor cocktail (antipain, chymostatin, EDTA and Pefabloc R SC) and 0.02 % sodium azide. Thereafter, chromatographic procedures for the purification of the soluble form of ecto-5 -NT were similar to those described previously for the GPI-anchored 5 -NT from bull seminal plasma [9] except that detergents were omitted from the buffers. The main steps were ion exchange on DEAE A50 followed by affinity chromatography on concanavalin ASepharose and AMP-agarose. Typically, 200 ml of bull seminal plasma yielded 7 mg of soluble 5 -NT containing approx. 300 units/mg. Protein quantification was performed by means of the bicinchoninic acid protein assay reagent kit (Pierce, Rockford, IL, U.S.A.) with BSA as a standard, and the enzyme activity was estimated as described previously using AMP, IMP, GMP and dCMP as substrates [10] . One unit of activity corresponded to the formation of 1 µmol of inorganic phosphate per min at 37
• C. For gel-filtration experiments, samples of electrophoretically homogeneous 5 -NT stored in 10 mM imidazole (pH 6.8), also containing 1 mM β-glycerophosphate, 75 mM NaCl and 1 mM sodium azide, were dialysed against 50 mM Tris/HCl (pH 7.5). The dialysed samples were applied to a column of Sephacryl S-300 (46 cm × 1.6 cm), equilibrated previously with the same buffer. Elution was performed at a flow rate of 0.25 ml/min at 4
• C.
UV-Vis absorbance spectra
Spectra were recorded by using a set of matched quartz cells (1 cm) on a Jasco model V550 UV/Vis double-beam spectrophotometer equipped with a Peltier temperature control device. The internal temperature of the sample cell was 25 + − 0.1 • C. Spectra were recorded from 450 to 235 nm at a bandwidth of 1 nm and processed with Jasco software. Solutions examined were degassed under vacuum and their protein content was approx. 0.4 mg/ml in Tris/HCl (pH 8.0).
Chromatofocusing
Protein samples (0.3 mg/ml) were loaded on to a column packed with PBE 94 gel (54 cm × 1.2 cm), equilibrated with 25 mM imidazole (pH 7.4). Elution was performed with Polybuffer PBE 74 (pH 5.0). The flow rate was 0.27 ml/min; fractions of 1 ml were collected and assayed for 5 -NT activity, as described above.
Gel electrophoresis and image analysis
SDS/PAGE was performed in Mini-Protean II cells (Bio-Rad, Richmond, CA, U.S.A.) at 60 mA constant current, 10 % (w/v) acrylamide and the gel thickness was 1.0 mm. Silver staining was performed as described by Shevchenko et al. [11] .
A sample containing 10 µg of total protein was separated in a horizontal two-dimensional electrophoresis set-up (Multiphor II; Amersham Pharmacia, Frieburg, Germany) as described by Gorg et al. [12] . Isoelectric focusing (IEF) was performed on immobilized pH gradient device strips (0.5 mm × 170 mm), containing Immobilines NL 3-10. After equilibration, the IPGgel strips were transferred on to two-dimensional vertical gradient slab gels [9-16 % (w/v) of total monomer (acrylamide + N,Nmethylene-bis-acrylamide) in solution] and run with the Laemmli-SDS-discontinuous system [13] . Protein was visualized by silver staining [11] .
Fractions from chromatofocusing were analysed by polyacrylamide IEF as described previously in [14] . A pH gradient was obtained by mixing ampholytes over the pH range 4-6, 5-7 and 6-8 (Pharmacia Biotech, Peapack, NJ, U.S.A.) in the presence of 10 % (v/v) glycerin (Merck, Darmstadt, Germany). Catolyte was 1 M NaOH and anolyte was 1 M phosphoric acid.
Gels were scanned using a GS-710 Imaging Densitometer (BioRad) linked to Macintosh computers. Image computer analysis was performed using the Melanie 2 software package [15] .
Protein digestion and peptide purification
Protein samples from isochromatofocusing were digested either with CNBr in 70 % (v/v) trifluoroacetic acid or with trypsin (E : S 1 : 100) in 1 M urea, 25 mM ammonium bicarbonate (pH 8), at 37
• C, overnight. Peptide mixtures were analysed directly with the mass spectrometer following ZipTipC 18 desalting or separated by reverse phase (RP)-HPLC on a Vydac C 18 column 218TP52 (250 mm × 1 mm), 5 µm, 300 Å (1 Å = 10 −10 m) pore size (The Separation Group, Hesperia, CA, U.S.A.), using a linear gradient from 5 to 60 % of acetonitrile in 0.1 % trifluoroacetic acid over 60 min, at the flow rate of 60 µl/min. Individual components were collected manually and freeze-dried.
MS analysis and peptide sequencing
Matrix-assisted laser-desorption ionization (MALDI) mass spectra were recorded using a Voyager DE-PRO mass spectrometer (Applied Biosystems, Foster City, CA, U.S.A.) as described previously [16] ; a mixture of analyte solution and α-cyano-4-hydroxy-cinnamic acid was applied to the sample plate and dried. Mass calibration was performed using the molecular ions from peptides produced by protease autoproteolysis and/or the matrix as internal standards. Spectra were recorded in positive and negative polarity by using the instrument either in linear (glycopeptides) and/or reflectron mode (peptides). Assignments of the recorded mass values to individual peptides were performed on the basis of their molecular mass and protease/reagent specificity. Peptide numbering was according to the 5 -NT unprocessed precursor.
Peptide fractions were also analysed by using a Procise 491 protein sequencer (Applied Biosystems), equipped with a 140 C microgradient apparatus and a 785A UV detector (Applied Biosystems) for the automated identification of phenylthiohydantoin amino acids. Possible mixed peptide sequence data were sorted and matched to the 5 -NT sequence with the FASTF or TFASTF algorithms [17] .
Molecular modelling
A three-dimensional model of bovine 5 -NT was constructed on the basis of the crystallographic structures of 5 -NT from Escherichia coli (PDB code 1USH, 2USH, 1HO5 and 1HPU) taken from the Protein Data Bank (Brookhaven National Laboratory, Upton, NY, U.S.A.). Sequence analysis was performed using the BLASTP2 algorithm in the EXNRL-3D database. Structure-based sequence alignment was obtained by using the program AMPS [18] with secondary structuredependent gap penalties [19] . Computer modelling was performed on a Silicon Graphics O2 workstation. The model included those residues occurring in the processed polypeptide chain (residues 27-549) and was constructed with the Insight/Homology program package (Biosym Technologies, San Diego, CA, U.S.A.). Several cycles of constrained energy minimization regularized the structure and geometrical parameters. The final structure was validated by using the WHATCHECK program [20] . Figure 6 was drawn using the Swiss-PDBviewer [21] . Experimental conditions for recording the spectra are described in the Experimental section.
RESULTS

Purification and biochemical properties of soluble ecto-5 -NT
Results of the purification method are summarized in Table 1 . The scheme has been adapted in different laboratories with modifications to the isolation of ecto-5 -NT from various sources and appears to be unsuitable for the purification of the two cytosolic forms (cN-I the cytosolic 5 -NT preferring AMP and cN-II the cytosolic 5 -NT preferring IMP) of the enzyme. Soluble ecto-5 -NT appeared to prefer IMP over AMP: specific activity 300 versus 156 units/mg respectively. A silver-stained SDS/PAGE of the purified enzyme indicated a single band with a molecular mass of 66.2 kDa (results not shown). Automated Edman degradation analysis of an electroblotted sample gave an N-terminal sequence of WELTILHTNDV . . . , confirming the identity of the protein as ecto-5 -NT. Aromatic amino acid residues are responsible for protein absorbance in the 230-300 nm region and the occurrence of a sloping baseline in the 310-400 nm range has been attributed to the light scattering contribution due to molecular aggregation phenomena [22] . Since a sloping baseline was evident in the spectral region above 310 nm with our homogeneous 5 -NT preparation (see Figure 1 , dotted line), molecular aggregates were separated by gel-filtration chromatography. The elution pattern obtained is shown in Figure 2 . AMPase activity was fractionated into two separate peaks. The first peak corresponded to a molecular species of approx. 900 kDa and the second one to a component of approx. 200 kDa. Approximately 30 % of the total eluted protein and approx. 10 % of AMPase activity was present in peak 1 and the remainder in peak 2. Specific activities of the proteins eluted under peaks 1 and 2 were 36 and 156 units/mg respectively. This finding indicated that molecular aggregation of 5 -NT is accompanied by a significant decrease in the AMPase activity, probably due to denaturation. The absorbance spectrum of peak 1 had a sloping baseline similar to that observed for the purified protein before gel filtration (results not shown). The absorbance spectrum of peak 2 (represented by the solid line in Figure 1 ), however, contained a relatively flat baseline, suggesting that protein aggregation had not occurred in this sample. The spectrum of peak 2 also showed a red-shift of approx. 4 nm with respect to that of the aggregated protein. Moreover, on the basis of gel-filtration chromatography results, it could be deduced that the molecular mass of the 5 -NT of peak 2 would correspond to a trimer of the 66.2 kDa species observed by SDS/PAGE. In an attempt to release the supposed molecular aggregation, the sample of peak 1 was treated with 20 mM sodium cholate and the spectrum is represented by the broken line in Figure 1 . A sloping baseline in the 310-400 nm region was still present and AMPase activity was not increased significantly, indicating that the partial disaggregation of the molecular species could not restore enzymic activity.
A sample of peak 2 was also analysed by two-dimensional-PAGE to ascertain the degree of charge heterogeneity due to posttranslational modifications. A typical array of closely spaced spots was observed in the gel indicating at least 14 different species (results not shown).
Purification of the different ecto-5 -NT species visualized by two-dimensional-PAGE was performed by chromatofocusing. This technique allowed the separation of four main peaks (5 -NT-1, 5 -NT-2, 5 -NT-3 and 5 -NT-4), eluting at pH values of 6.48, 6.33, 6.19 and 6.07 respectively ( Figure 3A) . Each peak was further characterized by IEF ( Figure 3B) ; as expected this analysis revealed the occurrence of several species in each (Table 2) . Isoforms 2 and 4 appeared to prefer GMP. Isoform 3 was slightly more active towards IMP, whereas AMP did not seem to be the preferred substrate in any case. K m values for ribonucleotides were in the micromolar range (50-200 µM), always higher than those determined for ecto-5 -NT containing its GPI anchor (11 µM). The AMPase activities of all the four forms were inhibited by ATP as well as α,β-methyleneadenosine 5 -diphosphate, a specific powerful inhibitor of ecto-5 -NT (results not shown).
Structural characterization of soluble ecto-5 -NT
Protein samples from isochromatofocusing were hydrolysed with CNBr as reported in the Experimental section, and the resulting peptide mixtures were analysed directly by MALDI-MS. The spectra obtained for 5 -NT-1, 5 -NT-2, 5 -NT-3 and 5 -NT-4 were very similar and showed common signals which could 
Figure 4 MALDI-MS analysis of 5 -NT-2 following hydrolysis with CNBr
Signals occurring in the spectrum were associated with peptides on the basis of the polypeptide sequence and reagent specificity. Spectra were recorded in positive polarity by using the instrument in reflectron mode. Identical spectra were obtained for 5 -NT-1, 5 -NT-3 and 5 -NT-4.
be associated with the expected peptides on the basis of the 5 -NT sequence and CNBr specificity. Figure 4 ) that were associated with truncated (536-547 and 536-548) and not post-translationally modified C-terminal peptide species. Identical results were obtained for 5 -NT-1, 5 -NT-2, 5 -NT-3 and 5 -NT-4. The corresponding analysis of the membrane-bound 5 -NT hydrolysate did not show these peaks. In contrast, the expected signals of the C-terminal peptide bearing inositol phosphoglycans were observed [9, 23] .
To confirm these observations, a comparative peptide mapping experiment was performed on 5 -NT-1, 5 -NT-2, 5 -NT-3, 5 -NT-4 and membrane-bound 5 -NT CNBr hydrolysates by RP-HPLC. The purified fractions corresponding to the C-terminal peptide species were then subjected to automated Edman degradation and MALDI-MS analysis. The results are summarized in Table 3 and demonstrate conclusively that these forms of soluble 5 -NT did not contain the GPI anchor but were mainly hydrolysed at the C-terminus, specifically at the level of Gln 547 and Phe 548 .
To characterize completely the post-translational modifications occurring on these 5 -NT forms, protein samples were digested with trypsin under mild denaturing conditions. These digests were resolved by RP-HPLC, and the collected peptide fractions were submitted to MALDI-MS analysis and automated Edman degradation. The results are summarized in Table 4 . These experiments, together with the analysis of CNBr hydrolysates, covered approx. 88 % of the entire protein sequence, confirming that C-terminal processing was occurring at Gln 547 and Phe 548 . Furthermore, the mass spectra measured for fractions 4, 7 and 24 confirmed the redox state defined previously for the eight cysteine residues present in the polypeptide chain (Cys 51 were interpreted as peptides spanning residues 51-63, 331-341 and 298-321 respectively, bearing high-mannose-type Nlinked glycans. These spectra demonstrated that the nature of the N-linked glycans on Asn 311 and Asn 333 were identical with those published previously for the membrane-bound 5 -NT [9] . The glycan occurring at Asn 53 , however, showed a small number of mannose residues linked to the pentasaccharide core with respect to the membrane-bound enzyme. Comparison of the signals reported in Table 4 demonstrated that no differences were observed among the different 5 -NT forms. The only exception was fraction 29 for which different spectra were recorded for the four 5 -NT species. In fact, the MALDI-MS analysis of this fraction showed significant differences between 5 -NT-1, 5 -NT-2, 5 -NT-3 and 5 -NT-4 ( Figure 5 ). A series of 22 glycopeptide species were identified containing different N-linked high mannose, complex and hybrid structures on Asn 403 . The glycan composition of each component is reported in Table 5 ; several glycopeptides were common to all panels reported in Figure 5 . However, the number and type of N-linked oligosaccharides were different with respect to those occurring at this site in the membrane-bound enzyme [9] . An increase in sialylated glycans, together with a decrease in high-mannose structures, was observed arising from 5 -NT-1 to 5 -NT-4. This result was not surprising on the basis of the chromatofocusing and IEF results reported in Figure 3 , which indicated a progressive decrease in pI from 5 -NT-1 to 5 -NT-4. respectively. Spectra were recorded in negative polarity by using the instrument in linear mode. Each glycopeptide species is numbered and the corresponding structure is reported in Table 5 . Signals associated with high mannose, mono-and disialylated glycopeptides are indicated.
DISCUSSION
A soluble form of ecto-5 -NT devoid of the GPI anchor was purified from bull seminal plasma and characterized. When we compared the properties of this enzyme with its GPIcontaining counterpart, major differences were observed in (i) post-translational modifications, (ii) molecular aggregation patterns, and (iii) enzymic activity. Mass-spectrometric investigations revealed that the differences in the post-translational modifications are concerned mainly with the nature of glycan moieties occurring at Asn 403 and the absence of the GPI anchor at the C-terminus. This absence is not caused by the action of an endogenous PI-PLC but by the activity of a proteolytic enzyme hydrolysing the polypeptide chain at Gln 547 and/or Phe 548 . This finding opens a new scenario for the function of 5 -NT as well as on the regulation of its activity. Most of the structures occurring at Asn 403 in soluble 5 -NT have been already identified in other proteins isolated from the urogenital region in bovine, mouse and human species [24] . This suggests a hypothetical relationship between the nature of the glycan moiety and specialized biological functions of 5 -NT, with respect to the biochemistry of the cell surface as well as to the interaction of the cell with the extracellular matrix. It has already been shown that ecto-5 -NT interacts specifically with the glycoproteins of the extracellular matrix laminin and fibronectin, affecting different cell functions like proliferation, spreading or migration [25] . The soluble ecto-5 -NT, however, would be free to migrate through the extracellular matrix to reach specific sites involved in specialized activities. In this respect, soluble 5 -NT in seminal plasma may be involved in processing reactions on the spermsurface membrane as part of the capacitation process before fertilization [26] .
The GPI-anchored enzyme has been demonstrated to form molecular aggregates in detergent-free media, whereas in the presence of detergents it occurs as a stable dimeric form. Soluble ecto-5 -NT, on the other hand, shows a remarkably low level of aggregation in detergent-free solutions and retains AMPase activity for many months at 4
• C, apparently as a trimer as ascertained by gel-filtration chromatography. Addition of detergents is actually detrimental causing a loss of AMPase activity within a few days. Soluble ecto-5 -NT, therefore, is more suitable than its GPI-containing counterpart for functioning in the extracellular environment.
Enzyme activity of soluble ecto-5 -NT is somewhat different from that of GPI-anchored ecto-5 -NT in that AMP is not the preferred substrate. Furthermore, the K m values for the substrates tested are 5-10 times higher than those observed previously for the GPI-anchored enzyme. The isotypes obtained following chromatofocusing differed in their measured biological activity. To correlate these findings to specific molecular properties of Helices and β-strands are coloured in magenta and green respectively. Atoms of the four glycosylation sites are shown by spheres, coloured differently depending on their occurrence at the N-terminus (blue) or C-terminus (red) respectively. The residues present in the active site of the enzyme ( bovine 5 -NT, three-dimensional models of the monomer were constructed on the basis of the crystallographic structures of the E. coli enzyme [27] [28] [29] . Sequence identity between the two polypeptides was approx. 23 %. The present study enabled models to be constructed for the open and closed conformation of the enzyme as reported for the E. coli protein [27] [28] [29] . As illustrated in Figure 6 , the structure presents an N-terminal domain (Trp 27 -Val 329 ) and a C-terminal domain (Gln 351 -Ser 549 ) connected by a long α-helix. Each domain contains a four-layered structure made up of α/β-β-β-α (N) and α/β-β-α-β (C) motifs respectively, with a core rich in β-sheets. Loop regions between  β1-α1, β5-β6, β19-β20, β23-β24 and β24-β25 The side chains of these amino acids are capable of co-ordinating the two zinc ions, which have been shown to be essential for the activity of the bovine enzyme [30] . In contrast with the above, only three of the five residues present in the substrate-binding pocket of the microbial protein are conserved in the bovine counterpart (Arg 395 , Phe 417 and Phe 500 ). These residues are subjected to approx. 20 Å motion in the interconversion from the open (inactive) to the closed (active) conformation of the E. coli enzyme (see Figure 6 ). This conversion resulted from a 95
• hinge-bending rotation occurring between the two domains. Only one of the two residues (Lys 341 ) hypothesized as forming the core of the hinge region is conserved in the E. coli protein.
The four glycosylation sites occurring in the bovine protein are all located along one face of the molecule and could conceivably modulate aggregation phenomena with other macromolecules. Three Asn residues presenting N-linked high mannose saccharides are located in the N-terminal domain, whereas Asn 403 , with its mixture of heterogeneous N-linked oligosaccharides (high mannose, complex and hybrid structures), is present in the C-terminal domain. In the model presenting an open conformation, this amino acid residue is positioned close to the substrate-binding pocket ( Figure 6A ). Therefore steric hindrance and charge of the bound oligosaccharides could affect nucleotide recognition. This hypothesis could explain the different biological activities measured for the four species obtained following chromatofocusing separation. These components differ by an increase in sialylated and disialylated oligosaccharides and change in K m values. However, other effects, such as aggregation state properties, also need to be considered in explaining the differences observed with respect to GPI-bound 5 -NT. It is reasonable to speculate that the biological activity of 5 -NT is modulated by post-translational processing of its polypeptide chain.
